optical switch for use in crossconnects. It is a free-space device, based on multiple bounces in a pair of White cells sharing a spatial light modulator at one end. In a companion paper, we described various polynomial cells, in which the number of outputs was proportional to the number of bounces raised to some power. In the binary device described here, the number of possible outputs is proportional to the number two raised to the power of the number of bounces. It allows a 1024 1024 switch using a single digital two-state tip/tilt micromirror array, four spherical mirrors, and a spot displacement device. It is highly scalable and insensitive to micromirror pointing accuracy.
I. INTRODUCTION
T HANKS to new sources, new amplifiers, and improved fabrication methods for optical fibers, the transmission capacity of telecommunication transmission systems is exploding. Due to the complexity of optical networks, switching has become an important function for any communication system. Until recently, electronic switches were used to route the information. However, with the huge capacity of today's telecommunication systems, the use of electronic switches becomes cumbersome. When optical signals are switched by electronic devices, they are first converted into an electrical signal, switched electronically, and then converted back into light. These optical-electrical-optical (OEO) conversions introduce unnecessary time delays and bandwidth bottlenecks. The need for a new type of large capacity, wavelength-independent crossconnect switch naturally opened the way to all-optical switches. All-optical switches are those in which there is no OEO conversion required to switch the signal to a different output.
Many approaches to the all-optical crossconnect problem can be found in the literature. In general, they can be divided into planar and three-dimensional (3-D) approaches. In planar approaches, the inputs/outputs are in the same plane as the switching device. Planar approaches include switches based on waveguides, and can be made using electrooptic [1] , [2] or thermooptic materials [3] . Planar switches have the advantage that they are easy to manufacture, because planar technology has been used in electronics for quite some time. Another advantage is that because planar designs usually work using waveguides, the coupling between successive stages is less problematic than in free-space approaches. Planar approaches can also be made using free-space and microelectromechanical systems (MEMS) mirror arrays. For example, in [4] , a device uses a linear array of input fibers along one edge of the chip and another array along an adjacent edge. Micromirrors pop up and down to divert each beam to its intended destination. A problem with planar switches is that their scalability is limited, mainly because the number of inputs/outputs that can be involved depends on the dimensions of the substrate, and these cannot be made arbitrarily large. In 3-D approaches, the inputs and outputs are arranged in a different plane than the switching device, rather than along its sides. Usually, the input/output fibers are in an array facing the switching plane (see Fig. 1 ) [5] . The input beams are directed perpendicular to a MEMS device composed of an array of micromirrors. Each micromirror can be tilted to different positions; thus, it is possible to control the direction in which each light beam is reflected. Then, the beam is sent to a second MEMS device that directs the beam to a fiber in the output fiber array. Lucent has described a variation of this approach [6] and recently reported a 1024 1024 crossconnect using MEMS devices.
The 3-D approach is ultimately the most scalable and, thus, the most practical long-term solution. Because the 3-D solutions involve free space, however, the beams diverge as they propagate from one element to another. Although the beams can be collimated to some extent, these approaches will be limited in how far a beam can be transmitted before becoming too large. Although switches with small numbers of interconnections (16 16, 32 32) are commercially available, switches with a large number of interconnections are harder to build due to high-precision alignment requirements on the MEMS and large aberrations.
The aim of this paper is to propose a highly scalable all-optical 3-D crossconnect switch for a large number of family "exponential cells" in which (for the binary case). The binary approach has the advantage of providing far more connectivity for a given number of bounces (and thus, loss), but the disadvantage of not having the built-in redundancy of the polynomial devices.
Our binary device is based on an optical White cell, which has been described in detail elsewhere [7] , [8] . In a companion paper [9] , we showed how to adapt the White cell to produce an optical switch. There, we discussed several "polynomial" configurations in which the number of outputs that could be reached was proportional to the number of times a given beam bounced in the White cell , raised to some power. In this paper, we show how to create a switch in which the number of possible outputs is proportional to 2 , which for large , will always produce more connections.
In the polynomial cells, some number of White cells were combined with a spatial light modulator [we considered an MEMS tipping-mirror switch]. The MEMS switched beams among various White cells, and each objective mirror had a slightly different alignment. This produces shifts of various sizes in the spots produced by the bouncing beams. In the binary cell described here, however, there are only two pairs of objective mirrors. One pair images the spots onto a plain mirror, which does not affect the fundamental spot pattern of the White cell. The other pair of objective mirrors will produce shifts in the spots, which will ultimately cause the beam to emerge from the White cell at a new location.
Specifically, an optical device that we call a spot displacement device (SDD) embedded in the White cell will shift the beam to a new output every time the beam goes to it, creating the binary pattern. We will again use a MEMS device and a system of spherical mirrors that will refocus the beam continuously. A beam will bounce inside this system a specific number of times, and the number of possible outputs will be determined by these bounces.
The organization of this paper is as follows. First, in Section II, we will present an optical switching device with a binary configuration using SDDs and discuss its operation. In Section III, we present a design procedure for finding solutions for SDDs. In Section IV, we will describe some possible physical implementations for the SDD. Finally, in Section V we will give a summary and conclusion.
II. BINARY CELL
Our goal is to perform optical switching, which we will do by allowing each of a large number of input beams to be switched between two different White cells. One White cell produces the two rows of spots for each input beam, and the second White cell incorporates an SDD that will continue the spot patterns but displace them by some number of rows, thus changing the exit location of each beam. We must allow for a very large number of potential outputs for each of the input beams, but with a smallest possible number of bounces. Reducing the number of bounces reduces the loss, which will accumulate on every bounce. To this end, we propose a "binary cell," in which the number of outputs is proportional to , where is the number of bounces in the White cell. Here, we will show how to combine two White cells to produce the interconnection device.
In the original White cell, the location at which a spot leaves the cell is determined by where the beam went in, and where the centers of the curvature of Mirrors B and C were. In this section, we will modify the White cell so that we can control the output location. To do this, we will replace Mirror M with a MEMS tilting micromirror array to select between two different paths on each bounce. We will then use an architecture originally proposed by Collins et al. [10] for optical true time delay devices for phased array antennas. Thus, we will add an additional White cell in the newly available path. Both White cells produce a similar spot pattern, but in the second White cell, spots are shifted such that they return in a different row than if they are sent to the first White cell. Fig. 2 shows the new design for the White cell device. Mirror M has been replaced with a MEMS micromirror array and a lens. The lens/MEMS mirror combination performs the imaging function of the original spherical Mirror M. On either side of the MEMS mirror two flat mirrors (Auxiliary Mirrors I and II) are placed; their functions will be described shortly. Each of the auxiliary mirrors also has a field lens to simulate a spherical mirror. These could be combined into a single, larger lens as well. In addition, there are four spherical mirrors on the right instead of two. Instead of having the centers of curvature of the spherical mirrors on the MEMS mirror, the centers of curvature are placed outside the MEMS mirror.
We take the possible micromirror tip angles to be . Mirrors A and B are placed one above the other, along an axis at
. Mirrors E and F are also placed one above the other along an axis at 3 . There are two effective centers of curvature of the lens associated with the MEMS mirror, depending on the micromirror tip angle. One is placed between Mirrors A and B, and the other is placed between Mirrors C and D. The center of curvature of Auxiliary Mirror I and its lens is placed between Mirrors A and B, and similarly, the center of curvature of Auxiliary Mirror II and its lens is placed between Mirrors E and F.
Let us assume an input beam going from the MEMS mirror plane is sent to Mirror A, for example after bounce 1. Light coming from this spot is imaged to a new spot on Auxiliary Mirror I (labeled "2"). From there, the light is reflected to Mirror B, which sends the light back to the MEMS at a new location, bounce number 3. If the micromirror at that spot is set to , then the light is sent back to Mirror A again. So, Mirrors A and B form a White cell with the lens 1/MEMS combination, Auxiliary Mirror I, and lens 2.
If a pixel at bounce 3 is then turned to , then light coming from Mirror B to this micromirror will be reflected from the MEMS mirror at an angle of 3 with respect to the normal to the MEMS mirror plane. Recall there are two more mirrors along that axis, E and F. So, light coming from B will go to E. Light must always go from an upper mirror to a lower mirror. When light goes to Mirror E, the light is sent to Auxiliary Mirror II, where it forms a spot ("4"). From there, the light is sent to the lower Mirror F, and then back to the MEMS mirror plane. Therefore, Mirror E and F form another White Cell. If the next micromirror in the MEMS device is tilted to , the beam from F is sent again to the AB White cell (specifically to Mirror A). If the micromirror at this point had been tilted to , the light coming from F would have been reflected at 4 , a direction that is not being used in this design, and the beam is lost.
Thus, according to the connectivity diagram shown in the lower left-hand corner in Fig. 2 , light can bounce continuously (and exclusively) between the MEMS and Auxiliary Mirror I via Mirror A and B, a situation that does not occur while bouncing through E and F. Light going to Auxiliary Mirror II gets there via Mirror E and returns to the MEMS via Mirror F. From here light must go to back to Mirror A and Auxiliary Mirror I. Therefore, light returning from Auxiliary Mirror II needs four bounces to go back to Auxiliary Mirror II.
An input beam can be sent to Mirror A from the MEMS mirror plane every even-numbered bounce, and to Mirror E every fourth bounce (i.e., 4, 8, 12 …). The odd-numbered bounces always appear on the MEMS, and the even-number spots can appear either on Auxiliary Mirror I or II. The light can be sent to Auxiliary Mirror II on any particular even-numbered bounce, but if the light is sent there, four bounces are required before it can be sent there again. Now, we will replace Auxiliary Mirror II with a device that will shift a spot down by some number of rows. The spots will be shifted by this SDD. We will divide Auxiliary Mirror II into columns, one column to every four bounces, and the number of pixels by which a beam is shifted will be different for each column. That is, each column will shift a beam by a distance equal to twice that of the shift produced by the previous column. The first column will produce a shift of , the second column a shift of 2 , the third column a shift of 4 , and so on, then producing a binary system. We must devise a set of optics to replace Auxiliary Mirror II and perform this function, which we will tackle in Section III.
By shifting the spots, we can control at which row any given beam reaches the output turning mirror, and we associate each row with a different output. The number of possible outputs is determined by the total number of possible shifts for a given number of bounces. In the design of Fig. 2 , a shift is made every time the light goes to the SDD, but this can only happen every four bounces. Thus, the number of outputs is given by: (1) where is the number of bounces. So, to implement a 1024 1024 system we would need a 40-bounce system (2 ) . We present a 12-bounce system in Fig. 3 to illustrate the operation. Here we can see eight different beams incident on the input turning mirror. The rest of the spot patterns for three of those beams are indicated. The MEMS, Auxiliary Mirror I, and the SDD are each divided into a grid of eight rows (for eight possible output locations) and six columns (for each possible bounce on the auxiliary mirror or SDD). Each region on this grid the MEMS mirror array is a group of eight micromirrors, so that each beam lands on a different micromirror on each bounce and can be directed either to the SDD or to Auxiliary Mirror I. The number of columns on the SDD is ( ), and will, thus, determine the number of possible outputs. An equal number of columns are then "blocked" or unused. Every fourth bounce allows for a different shift, of , 2 , 4 , etc., so 12 bounces will produce 2 different outputs for each input. The figure shows the paths of three particular input beams (white, gray, and black) and eight possible outputs (numbered 0 to 7 on the figure). Initially, all three input beams start on row 0. Remember that, according to the connectivity diagram of Fig. 2 , an input can only go to the EF White Cell every fourth bounce (those would be the fourth, eighth, and twelfth bounces). So, let us assume that we need to send the "white" beam to the fifth output. Therefore, we will need to send the "white" beam to the SDD on the fourth and twelfth bounces, which correspond to displacements of 4 and , respectively. The "white" beam starts bouncing in the AB White Cell (i.e., the micromirrors on the MEMS array are tilted to the position), until it is sent to the SDD on the fourth bounce (i.e., the micromirror is tilted to ). Then, the "white" beam goes through the SDD, which for that particular column has a value of 4 , and will send the output back to the MEMS on the fourth row instead of the zeroth row. We then keep bouncing the "white" beam in the AB White cell, until the twelfth bounce, when we again send the input to the SDD. Now, the beam will land in the column with the shift value of , where it goes through the SDD and is shifted by an additional distance . In a similar way, we can send the "gray" beam to the second output and the "black" beam to the zeroth output. 
III. SDD DESIGN
In this section, we will describe how to design our SDD, which will be substituted for Auxiliary Mirror II. The SDD will displace each beam that goes into it such that its spot pattern is shifted by the appropriate amount on the MEMS plane.
To find an appropriate geometry, we will assume that the SDD may have any arbitrary shape. This shape, however, has to form a focused spot on a micromirror on the MEMS micromirror array. The SDD must also cause the light beam to be translated to a different row on the MEMS plane.
In Fig. 4 , we show the binary White cell with Auxiliary Mirror II replaced by an arbitrary SDD. We removed the marks for the positions of the centers of curvature, as well as the angle separation marks between the different axes to simplify the figure. We can see that the distance between the MEMS mirror and the spherical mirrors AB (and EF) is , and that the distance between the spherical mirrors and Auxiliary Mirror I (or the SDD) is defined as . We will use this schematic to describe the design of the SDD.
In order to describe the row translation and the focusing of the beams on the MEMS plane, and on the different elements on the binary cell, we will use 3 3 ray matrices to include the effects of any element being tilted with respect to the optical axis [11] .
The basic matrices used in this section are as follows:
is the translation matrix between Lens 1 and spherical mirror A, B, E or F.
is the translation matrix between Auxiliary Mirror I (or SDD) to Mirror A and B (or E and F).
is the matrix for spherical Mirror A, where is its focal length, and similarly for , , and :
is the matrix for Lens 1, where is its focal length, and similarly for and . Furthermore, we will assign a generalized matrix to the SDD.
is the general matrix for our SDD.
The value of elements through of Matrix will define the optical element(s) needed to replace Auxiliary Mirror II and produce the desired shifts.
Next, we need to define the set of imaging conditions that must be satisfied for the double White cell. These conditions are stated as follows.
i) Mirror A images onto Mirror B via Auxiliary Mirror I.
ii) The MEMS mirror images onto Auxiliary Mirror I via Mirror A. iii) Mirror E images onto Mirror F via the SDD. iv) The MEMS mirror images onto the original plane of Auxiliary Mirror II via Mirror E. This plane will serve as a reference point, but is not necessarily at the entrance to the SDD as we will show. v) Mirror A(B) images onto Mirror E(F) via the MEMS mirror. vi) The MEMS mirror images onto itself via the SDD. These conditions will be used to design the SDD as well, to determine the values of the focal lengths of the different lenses and spherical mirrors used and the distances and . The plane of Auxiliary Mirror II refers to the original position at which this auxiliary mirror was found before being replaced by the SDD. This position will serve as a reference as to where to place the input/output plane of the SDD.
Our first condition to be analyzed is that Mirror A be imaged onto Mirror B. To establish this requirement, we calculate the system matrix from Mirror A to B, going through Auxiliary Mirror I which is given by multiplying together the matrices for each element in the path
The result is (3) In order to have imaging from Mirror A to Mirror B of this particular path, the element has to be zero. Solving that equation for we obtain the solution (4) Now, we have to consider the requirement that an image on the MEMS mirror be imaged onto Auxiliary Mirror I via Mirror A (imaging condition ii). The system matrix for this case is (5) Using the condition in (5) we end up with the following matrix: (6) To obtain an imaging condition we need to set element to zero (7) Because of the symmetry of the White cell, the focal length of Mirror A is the same as the focal length of Mirror B, similarly the focal length of lens 3 is equal to .
Next, we calculate imaging condition iii: Mirror E images into Mirror F via the element. The system matrix for this condition is (8) which gives the following matrix: (9) In order to have imaging, we again have to set element to zero. Because is a distance (that is not zero), element of the matrix has to be zero. Also, element represents a displacement in the image, (in this case the image of Mirror E on Mirror F). By setting to zero, we produce no offset on the light imaging from Mirror E onto F, preventing walk-off.
The next imagining condition is to image the MEMS mirror onto the plane of the Auxiliary Mirror II. Condition iv helps us to find the focal lengths for spherical mirrors E and F. This system can be represented by the following equation: (10) which produces the matrix (11) Again, element has to be set to zero. Solving for , we have (12) Because of the symmetry between spherical Mirrors E and F, the focal length of spherical Mirror F is set equal to the focal length of spherical Mirror E.
Next, we will image Mirror B onto E going through the MEMS mirror. For this condition, the matrix system is defined as (13) which gives us the following matrix:
Setting element equal to zero gives us . Now, we analyze our final imaging condition, which is that the MEMS has to image onto itself going through the SDD. The system matrix is In order to keep the symmetry between the different arms on the White cell, we will set . We also set variable to zero to obtain imaging.
Element is the magnification of one spot on the MEMS to the next, which would typically be set to 1. Because the third element of the output vector is 1, and element is also 1, elements and should also be set to zero. The element gives the shift of the spots on the MEMS plane. So, by controlling the value of , we will be able to control the displacement caused by the SDD.
The final matrix that we desire for our SDD is as follows:
Our goal is to achieve shifts in the spot images on the MEMS, and that position offset depends on the element of SDD. This offset will give us the row shift that we explained in the second section of this paper.
In the following section, we examine various physical implementations that produce the desired matrix for SDD. 
IV. PHYSICAL IMPLEMENTATIONS OF THE SDD
Now, we analyze different shapes trying to fulfill the conditions previously mentioned. The key goals are that the imaging conditions are all maintained, and that the element on the X matrix produces the proper shift in the spots on the MEMS.
A. Prism
Our first geometry is that of a prism shown in Fig. 5(a) . This prism would be element , and would replace one column of Auxiliary Mirror II. Here, we have a right-angle prism of apex angle and refractive index . It extends both in front of and in back of the original plane of Auxiliary Mirror II, as we will see shortly. The distance is the thickness of the prism, which varies with height, and is the distance between the original plane of Auxiliary Mirror II and the back plane of the prism.
Let us assume a nonsmall angle approximation. The ray matrix for the light coming in and out of the prism will be (18) This element is substituted for in (15). As we can see, we have achieved the zero value in the element. We also notice that the element (element , which produces the spot displacement) is a function of the prism thickness, the apex angle, and the refractive index of the material.
Also, we can see that the element cannot be zero. This means that, to obtain an imaging condition, the position of the prism has to be different from that of Auxiliary Mirror II. This new position is defined by the following:
The first matrix is a displacement matrix, where is the distance from the Auxiliary Mirror II to the back plane of the prism as seen in Fig. 5(a) . The second matrix is that of the prism. Equation (19) simplifies to:
From (20), we now can calculate a distance that will produce imaging for our prism configuration. This distance is from the Auxiliary Mirror II plane. Unfortunately, the prism has a big disadvantage inherent in its shape. The thickness of the prism changes depending on the place where the light strikes the prism. If the light goes in near the base, it will have a bigger displacement than light that strikes the prism higher up. In order to decrease this dependence on the prism height, one possibility to implement the SDD as a series of small prisms is shown in Fig. 5(b) .
B. Parallelogram Prism
A better solution is to eliminate the thickness variable in (20) that we had in the previous design. We propose a parallelogram prism element as shown in Fig. 6 .
We can see that we now have two tilted surfaces, and the thickness of the double-prism is the same for every spot. For light coming in and out of the parallelogram the ray matrix is (21)
As stated before, element represents the shift in position, and element represents an angular offset that should be zero. It will be noted that, in this case, it is not, in fact, zero. This angular offset affects the imaging of Mirror E onto Mirror F, so as long as these two mirrors are big enough and no light is lost in any bounce this offset can be tolerated. Nevertheless, a better solution with no angular offset is needed. 
C. Mirror and Lenses
Another approach to creating the spot displacements is described in this section. Let us consider a combination of a lens and a tilted spherical mirror as shown in Fig. 7(a) . Here, is the distance between the lens and the tilted spherical mirror, is the tilt angle of the spherical mirror, is the focal length of the mirror, and is the focal length of the lens. Now, let us assume that the lens is in the plane of Auxiliary Mirror II. The light travels through lens , translates a distance , is reflected by a tilted spherical mirror of focal length , and goes back the same way. The resulting matrix is:
If we take the result simplifies as follows:
For imaging, element must be zero, making . Thus, (23) simplifies to (24) As we can see, (24) is very similar to our goal matrix, shown in (17). The only difference is a factor 1, which implies an inverted image that does not affect the performance of our system. Now, the displacement in the beam position on the MEMS plane is given by element , that is , from (24). As was mentioned earlier, each column on Auxiliary Mirror II will be replaced by a different SDD. Each SDD produces a different shift, so each has its spherical mirror tilted by a different angle , or is located at a different distance from the lens, or a combination of both. To keep the transit times equal, however, it is desirable to fix and vary . Fig. 7(b) shows one possible implementation of the proposed SDD. The lenses are in the plane of Auxiliary Mirror II. The spots form in columns on this plane. Spots in the column labeled "12" should be shifted by one pixel in the SDD, spots in the column labeled "8" (for eighth bounce) should be shifted by two pixels, spots in the column labeled "4" should be shifted by four pixels, and so on. The overall mirror shapes may be strips with a spherical surface as shown, or a series of microspherical mirrors.
D. Pitch Calculation
So far, we have found three designs that can produce a shift of the beam position on the MEMS plane by changing the angle of reflection on the SDD. We will focus on the last design because it is the SDD system that looks most promising to implement. In this section, we will define in more detail some of the physical characteristics needed to cause a predetermined shift of the beams at the MEMS plane.
Let us analyze the tilted mirror configuration of Fig. 7 (a) first. As stated before, we will fix the distance , and change for different columns. There is, however, a limit on the size of . To avoid excessive aberration, we would like to keep less than 10 .
To calculate how big the angle of reflection on the SDD should be, we need to relate the displacement caused by the SDD to the micromirror size on the MEMS micromirror array. We will define the pitch between micromirrors as , so for the simplest case, in which the SDD has to cause a displacement of one row, the relation between the mirror pitch and the SDD is stated as follows:
Independent of the size of , for 99.99% of the beam's power to be contained inside the dimensions of the micromirror (and, thus, minimize the loss during each bounce), the micromirror has to be at least four times the size of beam spot (assuming Gaussian beams). So can also be expressed as: (26) where is the spot size of the beam at the MEMS plane, (we will use instead of the usual variable , so the spot size is not confused with element of the matrix of Section III).
To calculate the distance , we will refer to Fig. 8 . It is a top view of the SDD. As we can see when light enters the SDD, it has a size at the plane of Auxiliary Mirror II. The light will then diverge as it travels toward the spherical tilted mirror. This divergence is described by the formula [1] (27) where is the final beam radius, is the beam waist, which occurs at the input plane, is the distance from the beam waist to the tilted spherical mirror, and is the Rayleigh distance , where is the wavelength. The final size to which the light beam can diverge inside the SDD is defined by the geometry of the SDD itself. The spot size at the spherical mirrors cannot be larger than , otherwise the beam in one column will overlap to an adjacent column. (The spherical mirrors are twice the size of the pitch of the input columns on the plane of Auxiliary Mirror II, and they do not overlap because alternate columns on the SDD are not used, Fig. 3 ). So, from (27), and assuming the condition that , we solve for Equation (29) describes the value of the mirror tilt angle in degrees for a displacement . Fig. 9 graphs the angle (in degrees) needed to cause a particular displacement from to 10 at a wavelength of 1.55 m for different beam waists using the tilted mirror design. We can see that for m, exceeds 10 for displacements larger than 4 . This situation improves when is increased up to 50 m. For displacements larger than 128 , the beam waist at the input plane of the SDD has to be 1 mm.
V. SUMMARY AND CONCLUSION
We have presented a new architecture to perform optical switching with a modified White Cell. We have shown that our implementation can be used as an optical interconnection device that is binary; the number of outputs to which a given input can be shifted is given by 2 , where is the number of bounces a beam makes in a dual White cell. We assumed a micro-electromechanical systems (MEMS) micromirror array in which the micromirrors can be tilted to two different positions, for the purposes of discussion. Some of the bounces can be directed either to an SDD or to a plane mirror. Each visit to the SDD translates the spot pattern of a particular input beam to a specific row. After the required number of bounces, each input is shifted to the appropriate output region.
Within each output region, beams may arrive at different points and from different angles. This was solved in two different ways: one combined all the beams to a single point and angle using a series of cascaded prisms and a total-internal-reflection waveguide, and the other used substrate-mode holograms as fanin devices.
We found three solutions for our SDD. The first one is a prism of apex , and has a final displacement on the original MEMS spot position of . The second is a parallelogram that also has a final displacement of . Our third solution is an SDD formed by the combination of a lens and a spherical tilted mirror that give us a final displacement on the original position of MEMS spot of . The White cell approach is different from other 3-D photonic switches, in that the beams are directed to their appropriate outputs by fixed, stationary optics, not by the MEMS micromirrors. The MEMS device serves only to select the optics visited. Further, the White cell approach requires only a digital MEMS device, as opposed to an analog one. That is, the micromirrors need only tip to a small number of fixed positions (in this paper we assumed two), and furthermore the micromirror tilt angle does not have to be precisely controlled. If the micromirror tilt angle is off by a degree or two, that affects where on the spherical mirrors the light lands, but we emphasize it has no effect on the placement of subsequent spots. Thus, feedback and precise control of the micromirror tilt angle is not needed, and this feedback comprises the bulk of the complexity and the cost of existing 3-D switches.
One disadvantage of the White cell approach to optical switching is that it requires more pixels than the conventional 3-D switches. There is every reason to suppose, however, that very large MEMS micromirror arrays will become available in time, just as very large scale integrated circuits have become commonplace. Thus, we do not believe the MEMS device availability to be a show-stopper.
We also note that in the White cell, the MEMS mirror losses must be kept very small, because, unlike in other photonic switches, each beam strikes the MEMS multiple times. This means that MEMS for a White-cell based interconnection will require high-quality gold coatings, or possibly even dielectric high-reflectivity coatings. Although such devices are not currently commercially available, however, there should be no technological restriction in the future.
The White cell approach has the advantage of being very simple from a hardware point of view. The binary cell, for example, requires a MEMS, four spherical mirrors, three lenses, and an SDD, whether it is a 32 32 photonic switch or a 1024 1024 photonic switch. Only the SDD and the number of pixels on the MEMS change. Thus, the amount of hardware for a truly large photonic switch is not excessive.
Finally, although we have presented a binary system based on a two-state MEMS, it will be appreciated that with MEMS having more stable states, the number of inputs and outputs can be increased while the number of bounces is decreased. These higher-order systems will be discussed in a following work.
